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Abstract | The transplantation literature includes numerous papers that report associations between 
polymorphisms in genes encoding metabolizing enzymes and drug transporters, and pharmacokinetic data 
on immunosuppressive drugs. Most of these studies are retrospective in design, and although a substantial 
number report significant associations, pharmacogenetic tests are hardly used in clinical practice. One of 
the reasons for this poor implementation is the current lack of evidence of improved clinical outcome with 
pharmacogenetic testing. Furthermore, with efficient therapeutic drug monitoring it is possible to rapidly 
correct for the effect of genotypic deviations on pharmacokinetics, thereby decreasing the utility of genotype-
based dosing. The future of pharmacogenetics will be in treatment models in which patient characteristics are 
combined with data on polymorphisms in multiple genes. These models should focus on pharmacodynamic 
parameters, variations in the expression of drug transporter proteins, and predictors of toxicity. Such 
models will provide more information than the relatively small candidate gene studies performed so far. For 
implementation of these models into clinical practice, linkage of genotype data to medication prescription 
systems within electronic health records will be crucial.
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Introduction
Around 15 years ago, pharmacogenetics was predicted 
to revolutionize pharmacotherapy. Patients would no 
longer be treated with standard drugs in a standard 
dosage; instead, the right drug in the right dose would 
be selected for each individual based on a genetic test. 
Individuals that were likely to experience adverse 
events would be identi fied before drug treatment, 
and personalized medicine would be within reach. 
Unfortunately, this prediction has not materialized. 
Although pharmaco genetic studies have found correla
tions between pharmaco kinetic parameters and gene 
polymorphisms for a large number of drugs, very few 
physicians have ordered pharmacogenetic tests for their 
patients outside clinical trials. Technical advances have 
outpaced clinical implementation. The time needed to 
genotype, and the cost associated with genetic tests, have 
been reduced to a level that is no longer prohibitive for 
widespread use. Not only detection of single nucleotide 
polymorphisms (SNPs), but also more extensive whole
genome sequen cing is now widely available. The FDA 
has included pharmaco genetic information in the labels 
of more than 150 approved drugs.1 To assist physicians, 
the Royal Dutch Association for the Advancement of 
Pharmacy established a Pharmacogenetics Working 
Group that developed pharmacogeneticsbased thera
peutic (dose) recommendations following a systematic 
review of the literature.2 In order to increase clinical 
application, the dose recommendations are now being 

integrated into electronic prescription systems, with the 
assumption that this type of clinical decision support will 
encourage physicians to use the information available.3,4 
In addition, these recommendations were integrated 
with the Pharmacogenomics Knowledge Base for each 
investigated drug and can be found under the ‘Clinically 
 relevant PGx’ heading.5

The field of organ transplantation is no exception. 
For several immunosuppressive drugs, therapeutic drug 
monitoring (TDM) has been routine practice, and over 
the past 30 years vast numbers of blood samples have 
been sent to laboratories for genetic testing. By com
bining information on drug dose with data obtained 
by geno typing transplant recipients for SNPs in genes 
encoding metabolizing enzymes and drug transporters, 
associ ations between recipient genotype and pharmaco
kinetics of immunosuppressive drugs can be established. 
Such studies have been done for almost all immuno
suppressive drugs. Nevertheless, very few centres have 
adopted the policy of preemptive genotyping and selec
tion of the optimal starting dose based on one or more of 
these SNPs. One of the main reasons for the reserved atti
tude towards implementation of genotypebased dosing 
is the lack of studies that show a clinical benefit over 
currently used approaches. A significant effect of geno
type on dosecorrected drug concentrations does not 
neces sarily imply an improved clinical outcome follow
ing implementation of geno typing. On the other hand, 
the evidence that TDM does improve outcome is weak 
at best, and yet the monitoring of drug  concentrations is 
widely accepted.
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In this Review, we examine the evidence that 
pharmaco genetic information can predict the pharmaco
kinetics or the pharmacodynamics of immunosuppressive 
drugs, and discuss the potential impact of these data on 
clinical practice, focusing on studies performed in renal 
 transplant recipients.

Azathioprine
Azathioprine is now considered to be one of the older 
immunosuppressive drugs, but in the past it was exten
sively used in renal transplant recipients.6 Azathioprine 
is still prescribed on a large scale for the treatment of 
inflammatory bowel disease and several autoimmune 
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diseases. Polymorphisms in the gene that encodes thio
purine Smethyltransferase (TPMT) lead to reduced 
activity of this metabolizing enzyme, and patients with 
low activity (10% prevalence) or absent activity (0.3% 
prevalence) are at risk of bone marrow depression.7,8 
Several variant alleles exist, which vary in frequency 
between ethnic populations. In African and Asian 
individuals, TPMT*3C is the most frequent deficient 
allele (6.5% and 2.5%, respectively) whereas in white 
individuals TPMT*3A is the most frequently found 
variant (4.5%) (Table 1).9 TPMT testing before the pre
scription of azathioprine is one of the few examples 
of a pharmaco genetic test that has made the transi
tion from research into clinical practice, especially for 
autoimmune disease.10 This testing improves safety by 
avoiding fulldose treatment in patients with a (partial) 
enzyme deficiency.11 Information on either genetic 
or enzymatic testing is provided in the drug label, 
and the Dutch Pharmacogenetics Working Group and 
Pharmacogenomics Knowledge Base have published 
dose recommendations based on TPMT genotype. In 
addition, the Clinical Pharmacogenetics Implemen
tation Consortium has published guidelines on the 
use of TPMT genotyping in clinical practice.12,13 TDM 
is not routinely performed for azathioprine, although 
in the field of gastroenterology the levels of active 
 6thioguanine nucleotide metabolites are measured.14

Table 1 | Gene polymorphisms and their effect on protein activity and clinical response 

Drug Gene Polymorphism rs number Effect on protein 
activity

Clinical response Ref(s)

Azathioprine TPMT *2 rs1800462 Reduced TPMT activity Severe myelotoxicity 12

*3A rs1800460, 
rs1142345

*3B rs1800460

*3C rs1142345

Mycophenolate 
mofetil

UGT1A9 −2152C>T rs17868320 Reduced mycophenolic 
acid exposure

Increased rejection risk 18,20

−275T>A rs6714486

IMPDH2 3757T>C rs11706052 Increased IMPDH 
activity

No influence on rejection risk
No association with graft 
function or survival

42,46

Ciclosporin ABCB1 3435C>T rs1045642 Altered ABCB1 activity Associated with ciclosporin 
nephrotoxicity
Associated with long-term 
graft survival

57,61

Tacrolimus CYP3A5 *3 rs776746 Nonfunctional CYP3A5 Reduced tacrolimus dose 
requirement
Increased risk of 
supratherapeutic exposure

78,86

CYP3A4 *22 rs35599367 Reduced CYP3A4 
activity

Reduced tacrolimus dose 
requirement
Increased risk of 
supratherapeutic exposure

81,82

Sirolimus CYP3A5 *3 rs776746 Nonfunctional CYP3A5 Reduced sirolimus dose 
requirement

87–89

Everolimus CYP3A5 *3 rs776746 Nonfunctional CYP3A5 No clinically relevant effect 
on pharmacokinetics

97

CYP3A4 *22 rs35599367 Reduced CYP3A4 
activity

No clinically relevant effect 
on pharmacokinetics

97
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Mycophenolate
From 1998 to 2009, the use of azathioprine in newly 
transplanted kidney recipients decreased to 0.6% of 
patients, whereas the use of mycophenolate as initial 
immunosuppression increased to 89.9%.15 Although 
ample evidence suggests that TDM of mycophenolic acid 
(MPA)—the active metabolite of mycophenolate mofe til 
(MMF) and entericcoated mycophenolate sodium— can 
improve clinical outcome, most transplant centres do 
not perform TDM for this drug.16 Recognition of the 
interindividual differences in the relationship between 
MPA exposure and clinical outcome led to investigation 
of the causes for this variability and the identification of 
several explanatory factors, including drug–drug inter
actions (for example with ciclosporin), differences in 
albumin concentration, and renal function.17 Reports 
have shown that the –2152C>T and –275T>A SNPs 
in UGT1A9 are associated with significantly reduced 
MPA levels in the early phase after renal transplanta
tion.18,19 Given the high allelic frequency of the UGT1A9 
–2152C>T and –275T>A SNPs (approximately 6% in 
white individuals), as well as the twofold reduction 
in MPA exposure of  carriers compared with noncarriers, 
these findings are likely to be clinically relevant. In 2009, 
van Schaik et al.20 confirmed that the UGT1A9 –275T>A 
and/or –2152C>T polymorphisms were associated with 
an average 20% lower MPA exposure and with a sig
nificantly higher risk of acute rejection in fixeddose 
MMFtreated patients who received tacrolimus than in 
similarly treated non carriers (OR 13.3, 95% CI 1.1–162.3; 
P<0.05). The effect of this poly morph ism on MPA level 
was confirmed by other researchers.21 Polymorphisms 
in other genes have also been reported to be associ
ated with MPA pharmaco kinetics, but UGT1A9 seems 
to have the strongest influence (Table 1).19,22–24 Adverse 
events, especially diarrhoea and haematological adverse 
effects, in patients treated with mycophenolate have also 
been linked to polymorphisms in genes associated with 
drug transportation (including ABCB1 and SLCO1B1) 
or drug metabolism (UGT1A8 and UGT2B7).25–30 
However, none of these studies found associations that 
were convincing, and none of the findings have been 
implemented into patient care. The pharmaco genetics 
of mycophenolate are reviewed in detail elsewhere.31 The 
frequency of the various alleles varies according to ethni
city. For example, the frequency of UGT1A9 –275T>A 
and –2152C>T carri ers is 42% and 15% in white indi
viduals, 8% and 28% in Africans, and 2% and 0% in  
Asians, respectively.32

The mechanism of action of MPA is the inhibition of 
the target enzyme inosine5'monophosphate dehydro
genase (IMPDH). Two isoforms of IMPDH exist, derived 
from different genes.32 In activated lymphocytes, IMPDH 
type II predominates over type I. Pharmacodynamic 
monitoring of the activity of IMPDH has the theoretical 
advantage that, in contrast to monitoring drug concen
trations, it takes into account interindividual differences 
in susceptibility to MPA.33 An assay to measure IMPDH 
activity has been developed and optimized by groups 
in Berlin and Rotterdam.34,35 In Oslo, an alternative 

assay was developed for the determination of IMPDH 
activity in CD4+ T cells.36,37 After oral administration of 
MMF, IMPDH activity decreased by 65–100%, an effect 
that persisted for 4–8 h, returning to the level of activ
ity observed before intake of MMF after 12 h.38 High 
IMPDH activity before transplantation was associated 
with acute rejection after kidney transplantation.39 
Assessment of the clinical utility of monitoring IMPDH 
activity is limited by the diversity of the assay systems 
developed in various centres and countries.40 A more 
robust and reproducible test system is crucial for the 
validation of IMPDH activity as a potential  biomarker 
to guide MPA treatment.41

As part of a pharmacogenetic substudy we found that 
the IMPDH type II 3757T>C polymorphism is associated 
with increased IMPDH activity in MMFtreated renal 
transplant recipients (Table 1).42 This polymorphism, 
however, explains only 8% of the interpatient variabil
ity in IMPDH activity, and is therefore unlikely to have 
an important impact on clinical outcome. Nevertheless, 
several groups correlated IMPDH genotype to the inci
dence of biopsyproven acute rejection or to MPArelated 
adverse events.43–45 A pharmacogenetic study from the 
Collaborative Transplant Study DNA bank that included 
>1,000 transplant recipients did not find an association 
between several IMPDH variants and renal allograft 
rejection or graft survival.46

Ciclosporin
The pharmacokinetics of ciclosporin are characterized 
by poor oral bioavailability. On average, bioavailability is 
30%, but with a wide range.47 Owing to variability in both 
the rate and time of absorption, a single measurement 
taken 2 h after ciclosporin administration (C2) better 
predicts drug exposure than predose monitoring.48,49 
However, little evidence from prospective studies exists 
to support the theoretical benefits of C2 monitoring.50 In 
daily practice, wholeblood predose concentrations are 
mostly used.

Several studies have shown the importance of ABCB1 
(previously known as Pglycoprotein) and cytochrome 
P450 (CYP) 3A4 in the disposition of ciclosporin 
(Table 1). CYP3A4, the main ciclosporinmetabolizing 
enzyme, is expressed in the liver as well as the gut wall, 
where, together with ABCB1, it limits exposure to ciclo
sporin by presystemic metabolism and efflux activity. 
The impact of polymorphisms in ABCB1 and CYP3A4 
on ciclosporin pharmacokinetics has been reviewed 
elsewhere.51 These polymorphisms do not seem to have 
a clinically relevant effect on the dose to blood concen
tration ratio.52 In addition, Staatz et al.53 concluded that 
variability in CYP3A4 expression owing to environ
mental factors is likely to be more important than 
patient genotype.

Expression of ABCB1 and polymorphisms in its gene 
might, however, be of relevance to the development 
of ciclosporinrelated nephrotoxicity.54,55 Expression of 
ABCB1 was increased in parenchymal cells of kidney 
transplants with acute rejection, but not in patients 
with nephrotoxicity.56 In a subsequent study, the ABCB1 
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lowexpressor genotype (3435TT) of renal organ donors, 
but not of recipients, was found to be overrepresented 
in patients with ciclosporininduced nephrotoxicity as 
compared with patients without toxicity.57 Several other 
studies have confirmed that the presence of ABCB1 
polymorphisms in donors influences longterm graft 
outcome adversely, with a decrease in renal function 
or graft loss in transplant recipients who receive ciclo
sporin.58–61 In the DeKAF study, however, a pharmaco
genetic analysis of 945 kidney transplant recipients 
showed that a number of SNPs in several genes were 
associated with early  ciclosporinrelated  nephrotoxicity, 
but ABCB1 SNPs were not.62

Another potential role for ABCB1 may be found 
in the cell membrane of lymphocytes. The pharmaco
genetic substudy of the Symphony study found that 
patients with the ABCB1 TT genotype at position 3435, 
2677 or 1236 had lower ABCB1 protein activity in 
peripheral blood lymphocytes than did noncarriers.63 
Differences in ABCB1 expression could result in changes 
in intra cellular concentrations of ciclosporin,64 and lower 
 intracellular Tlymphocyte concentrations of ciclosporin 
might increase the risk of acute rejection.65 These data 
suggest that monitoring of wholeblood ciclosporin con
centrations is less relevant than monitoring intra lympho
cytic ciclosporin levels. Larger studies with observational 
data comparing the predictive value of whole blood 
versus intralymphocytic  concentrations are needed.

Tacrolimus
Tacrolimus is currently the first choice of calcineurin 
inhibitor in the majority of transplantation centres in 
Europe and the USA. The drug dose is adjusted based 
on predose concentrations, which have been widely 
accepted as the parameter of choice for TDM. In 2007, 
a consortium of experts met to discuss the most recent 
advances in the drug and dose optimization of tacroli
mus, taking into account specific clinical situations and 
the analytical methods currently available.66 This group 
drew some recommendations and guidelines to help 
 clinicians with the practical use of this drug.66

Although ciclosporin and tacrolimus share the same 
mechanism of action (calcineurin inhibition), and the 
same drug transporter and metabolizing enzymes are 
involved, important differences exist between the two 
drugs. Tacrolimus is a substrate for CYP3A5, and poly
morphisms in CYP3A5 have proven to be highly rele
vant for tacrolimus dose requirement (Table 1). Patients 
expressing CYP3A5 (those carrying the 6986A nucleo
tide, defined as the *1 allele) have a dose requirement 
that is around 50% higher than in nonexpressers (those 
homo zygous for the 6986G nucleotide, defined as the 
*3 allele).67–70 The effect of CYP3A5 genotype has been 
studied mostly in patients treated with the traditional 
twicedaily tacrolimus formulation, and recent data 
suggest that this genotype has a similar effect on dose 
requirement for patients on the oncedaily tacrolimus 
formulation.71,72 Approximately 5–15% of white indi
viduals are expected to express CYP3A5*1, whereas 
approximately 30% of Asians, and 70% of individuals 

of African descent express this variant.73 If all patients 
receive the same tacrolimus starting dose on the day of 
transplantation, the drug concentrations reached will 
be lowest in the CYP3A5 expressers.74 With TDM these 
patients will be identified within a few days, and follow
ing dose escalation these patients will reach the target 
tacrolimus concentrations. There is, however, a delay 
of 7–10 days before the target concentration is reached 
and during this period the patient is at risk of early acute 
rejection episodes.75 Therefore, it has been suggested 
that patients should be genotyped while on the waiting 
list for transplantation, and the double tacrolimus dose 
administered immediately following transplantation.76,77 
Thervet et al.78 studied the added value of basing the tac
rolimus starting dose on CYP3A5 genotype. Patients in 
this study received tacrolimus treatment at day 7 post 
transplantation to enable genotyping in the first days 
after transplantation. To protect patients against graft 
rejection, the majority of kidney transplant recipients 
received induction treatment with rabbit antithymocyte 
globulin. The study showed that patients in whom tac
rolimus was dosed based on CYP3A5 genotype, reached 
the target range 3 days after initiation of tacrolimus treat
ment more often than patients treated with the stand
ard tacrolimus dosing regimen (43.2% versus 29.1% of 
patients, respectively). Clinical outcome was not dif
ferent, possibly owing to the protective effect of rabbit 
antithymocyte globulin. We estimate that genotype 
based dosing of tacrolimus is currently performed in 
<10% of patients and recommend further studies be 
performed to provide the evidence that will convince 
prescribers to dose based on CYP3A5 status. A prospec
tive, randomized trial comparing standard dosing with 
genotypebased dosing of tacrolimus (on day 0 after 
transplantation) in renal transplant recipients not treated 
with rabbit antithymocyte globulin is currently ongoing 
in our centre, with results expected at the end of 2014.79

Several groups have shown that polymorphisms in 
other genes also influence the pharmacokinetics of 
tacrolimus, but none to the same degree as CYP3A5.65 
Genetic polymorphisms in CYP3A4 have also been 
correlated with tacrolimus pharmacokinetics. The 
CYP3A4*22 allele has been linked to reduced CYP3A4 
mRNA expression and lower in vitro CYP3A4 enzyme 
activity.80 In kidney transplant recipients, the CYP3A4*22 
Tvariant allele was associated with a reduced tacrolimus 
dose requirement, independent of CYP3A5 genotype.81,82 
In order to reach target concentrations as soon as pos
sible, a dosing algorithm to individualize the tacrolimus 
starting dose has been developed. In addition to four 
clinical factors (time after transplantation, the use of a 
calciumchannel blocker or not, age of the transplant 
recipient, and corticosteroid use) this dosing algorithm 
also incorporated CYP3A5 genotype.83,84 Incorporation 
of the CYP3A4*22 allele might improve the predictive 
precision of this algorithm.85

Whereas for ciclosporin the expression of ABCB1 
may be of clinical relevance, for tacrolimus there is 
currently insufficient evidence supporting a role in 
tacrolimus dosing.53,86
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Sirolimus
Sirolimus has a long halflife (>60 h) and as a con sequence 
it takes more time to reach steady state than other 
immuno suppressive drugs. Reaching target concentra
tions with a strategy of trial and error substantially delays 
finding the right dose. Adjusting the starting dose based 
on pharmacogenetic predictors of drug clearance would 
enable more appropriate dosing and fewer dose adjust
ments. In patients who are homozygous for the CYP3A5*3 
allele, clearance was found to be low (Table 1).87–89 By con
trast, in a study of 113 kidney transplant recipients no 
significant association was found between CYP3A4 
(the *22 allele), CYP3A5 (the *1 or *3 allele), or peroxi
some proliferatoractivated receptor α (rs4253728G>A) 
genotypes and the sirolimus concentration:dose ratio.90 
In one study, mean sirolimus concentration:dose ratio 
was 48% higher in patients with the ABCB1 3435CT/TT 
genotype than in those with the 3435CC genotype, and 
was 24% higher in IL10 –1082GG homozygotes than in 
those with –1082AG/AA.91 Cytokines such as IL10 have 
been shown to decrease CYP3A activity.92 In a pharmaco
dynamic study, an mTOR variant haplotype was signifi
cantly associated with a decrease in haemoglobin levels 
in patients treated with sirolimus.93 Current practice is 
to dose  sirolimus on the basis of predose concentrations.

Everolimus
CYP3A5 genotyping might be useful to guide tacrolimus 
and sirolimus dosing, but initial studies do not support 
a clinically relevant role for CYP3A5 genotyping in pre
dicting everolimus dose requirement.94 This clinical 
approach is supported by an in vitro study using liver 
microsomes, which showed that CYP3A4 is a better cata
lyst of everolimus metabolism than is CYP3A5, whereas 
the opposite was observed for tacrolimus (Table 1).94 
In addition, a minor role for CYP3A5 in explaining 
everolimus variability in heart and lung transplant 
recipients was found.95,96 A population pharmaco
kinetic study in 53 renal transplant recipients found 
that polymorphisms in ABCB1, CYP3A5, CYP2C8 and 
PXR had no clinically relevant effect on everolimus 
pharmaco kinetics.97 Using a limited sampling model, the 
researchers also concluded that the everolimus predose 
concentration and concentration at 2 h postdose pro
vided a better estimate of everolimus systemic expo
sure than the widely used predoseonly concentration 
 monitoring strategy, which is currently  routinely applied.

Conclusions
In patients receiving a transplant, drug concentration 
measurements are performed routinely at every out
patient visit and during hospital admission. Target con
centrations have been defined depending on the type of 
organ transplanted, the perceived risk of rejection, time 
posttransplantation, comedication, and adverse events. 
Pharmacogenetic tests to further individualize drug 
therapy are currently rarely used, despite reported associ
ations between drug dose requirement and genotype. 
Evidence that implementation of a pharmacogenetic 
test will improve clinical outcome is thus far lacking. 
The only applicable outcome is a doubling of the start
ing tacrolimus dose in patients who express CYP3A5, 
and even for this intervention little evidence exists to 
demonstrate improved clinical outcome. Moreover, 
with efficient TDM it is possible to rapidly correct for 
the effect of genotypic deviations in pharmacokinetics, 
thus  decreasing the utility of a genotyping approach.

The future of pharmacogenetics will be in treatment 
models in which patient characteristics are combined 
with polymorphisms in multiple genes. These models 
should focus on pharmacodynamic parameters, drug 
transporter proteins and predictors of toxicity. Such 
models will provide more information than the rela
tively small candidate gene studies performed so far. For 
implementation of these findings into clinical practice, 
linkage of genotype data to medication prescription 
systems within electronic health records will be crucial.98
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monitoring, pharmacogenetics or a combination of both 
in the field of solid organ transplantation. For this Review 
a systematic search was not performed. Search terms 
used were “pharmacogenetics”, “transplantation”, 
“therapeutic drug monitoring”, “azathioprine”, 
“ciclosporin”, “tacrolimus”, “sirolimus”, “everolimus”, 
“TPMT”, “CYP3A5”, “UGT1A9”, and “ABCB1”. Studies 
were all retrieved from Web of Science or PubMed, and 
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